Aim: This study aimed to evaluate the repeatability of color measurements of an intraoral spectrophotometer with the use of three different methods by two operators.
INTRODUCTION
It is pivotal to determine baseline color and changes in tooth color to achieve satisfactory esthetic results in restorative dentistry in a reliable and efficient manner. However, the concept of color is difficult to understand and many times not easy to define, and often related more to art than science. 1 Tooth color measurements are performed clinically with an appropriate shade guide to match existing teeth. Despite the widespread use of shade guides in the clinical practice, it is important to point out that this visual evaluation is subjective and influenced by observer, type of light source and the surrounding environment. Recent advances in technology have enabled the use of specialized devices for shade determination. Clinical studies have shown that technology-based shade determination is more accurate and more consistent than human shade assessment. 2, 3 However, there is still a great
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need to improve the repeatability of these devices in the oral environment. 4 In color science, evaluation of measurement uncertainties of shade-matching instruments is performed through precision and accuracy testing. Precision is tested by evaluation of repeatability (same method, operator or instrument) and reproducibility (different method, operator and/or instrument). 5 In a study that compared five dental color-measuring devices, the authors found that the EasyShade and Ikam system were the most reliable in a clinical setting while the other tested devices were more reliable in vitro than in vivo. 3 In another in vitro study, a varying degree of reliability and accuracy was reported for a color measuring system depending on the type of shade guide system used. 6 When the precision of measurement of different tooth areas was evaluated, the middle third of each labial tooth surface exhibited the most consistent results. 7 Since, spectrophotometers can detect small differences in color at a level that is not appreciable by the human eye, an important issue of color science in dentistry is to establish a method to improve operator repeatability of these intraoral devices. Generally, based on manufacturer's direction of intraoral spectrophotometers the color-measuring probe is placed perpendicular to the facial surface at the middle third of the tooth. Henceforth, subtle changes in direction and placement may contribute to inaccuracy of the measurements. In order to improve the repeatability of measurements the use of a custom fabricated jig made of clear silicone registration material had been proposed. 8 The authors found that this device provided not only the repeatability of measuring area but also a fixed perpendicular positioning of the instrument. The jig enabled a short-term repeatability of ΔE* ab < 0.7, which is regarded as not appreciable by the human eye. However, in the study the jig was used for measurement of a single tooth and the feasibility of using this jig on multiple teeth has not been evaluated. An alternative device for controlling the measuring area is a thin, vacuum formed stent with an open aperture that can be easily fabricated for multiple tooth color measurements. It is predicted to produce equal results in terms of repeatability as well as cut back on working time for the clinician making it a more convenient procedure while maintaining the integrity of the measurement. Different studies have been performed to compare the repeatability of different intraoral spectrophotometers. The aim of this study was to evaluate the repeatability of an intraoral spectrophotometer with the use of two different types of positioning devices; custom fabricated jigs (CJ) and custom trays (CT) compared to the conventional hand held method (FH) on dental typodonts mounted with a combination of extracted human teeth and artificial typodont teeth. The hypotheses to be tested were that first, there will be no difference in the duplicate color parameter (L*, a*, b*) measurements regardless of the measuring method used by each operator; second, there will be no difference in color measurements using different measuring methods by each operator; third, there will be no difference in color measurements using different measuring methods by type of tooth material (human teeth vs typodont teeth) and by each operator.
MATERIALS AND METHODS
Sample selection and typodont mounting:
A total of 60 teeth were obtained, comprising 30 human maxillary teeth (central incisors n = 10; canines n = 10; molars n = 10) and 30 artificial teeth (lateral incisors n = 10; premolar n = 20). The overall study design is illustrated in Flow Chart 1. Five typodonts (Kavo Dental GmbH, Biberach/ Riß, Germany) with alternating artificial and human teeth were made as shown in Figure 1 .
Tooth color measurement: Multiple repeated color measurements were obtained from each tooth using three measuring methods by each of the two dental student operators (A and B). Each operator performed tooth color measurements with an intraoral contact type spectrophotometer (Vita EasyShade, VITA Zahnfabrik, Bad Sackingen, Germany) using the CJ, CT, and FH method twice, at an interval of 2 to 7 days. Custom jigs were fabricated for each typodont to provide repositioning and measurement on the middle third of the facial tooth surface. The jigs were fabricated by attaching a 5 mm diameter acrylic rod to the middle third of the tooth using lightcured flowable resin (Estelite Flow Quick, Tokuyama Corporation, Tokyo, Japan). Clear silicone registration Flow Chart 1: Study design material (ClearBite, Discus Dental, Kulver City, LA, USA) was injected around the cylinder and along the incisal surface of four teeth. Upon setting of the registration material, the rods were simultaneously dislodged from the tooth while the jig was removed from the typodont. 8 Tooth color measurement with the use of the custom fabricated jig is shown in Figure 2 . Custom trays were made with soft vinyl sheets of 1 mm thickness (Biostar, Great Lakes Orthodontics Ltd., Tonawanda, NY, USA) that was heated on a heat pressure machine (Ministar, Great Lakes Orthodontics Ltd., Tonawanda, NY, USA) and formed to fabricate a custom tray. The tray was separated from the model and trimmed along the gingival margins and trimmed at the middle third of the facial tooth surface to produce an aperture of 6.0 mm diameter (Fig. 3) . The free hand held method was following manufacturer's directions by placing the probe perpendicular to the facial surface at the middle third of the tooth (Fig. 4) .
Data Analysis: Paired-sample t-test was performed to detect the difference between the first and second measurements of the three color parameters: L*, a*, and b* by operator for evaluating the repeatability of measurements. Due to the lack of normality, Friedman test was used to detect difference among the three color measuring methods by evaluating the overall color difference of the first and second measurement as calculated by the following equation
. Post-hoc Wilcoxon signed-rank test
with Bonferroni correction applied was used for pair-wise comparison of overall color differences among the three methods. The level of statistical significance was set at 0.05.
RESULTS
Repeatability of color measurements of three color parameters L*, a* and b* are summarized in Table 1 . Based on paired-sample t-test, significant differences for several color parameters were noted by measuring method and by operator. The overall color difference of the three methods of measurements by operator and by tooth material type is summarized in Table 2 . For operator A, mean overall color difference-ΔE* measured for CJ, CT and FH were 2.86, 2.39 and 2.21, respectively. There was statistically significant difference in ΔE* in FH vs CJ (p = 0.0107). However, there were no significant differences between FH and CT (p = 0.2829) or between CT and CJ (p = 0.1159). For operator B mean ΔE* for CJ, CT and FH were 2.45, 1.95 and 3.24, respectively. There was a significant difference between FH and CT (p = 0.0031). However, there were no statistically significant differences in ΔE* in FH vs CJ (p = 0.3696) or CT vs CJ (p = 0.0809). It is noteworthy to point out that there were no significant differences in ΔE* for both operators for any measuring method for typodont teeth (p > 0.05 in all instances).
The overall color difference (ΔE*) with three methods of measurement by operator and by human tooth type Table 3 . The measurement of canines showed the highest variability with the greatest ΔE* of 6.39 units for the free hand held method by operator B, but no significant differences were detected between the three methods in measurements of central incisors and molars. For operator A, no significant difference in measurements of canines and molars was found between the three measurement methods, while the lowest variability with least ΔE* of 1.59 units for central incisors was obtained with free hand held method but no significant difference existed between CJ and custom tray held methods.
DISCUSSION
Recording an accurate baseline shade is extremely difficult due to the complex optical characteristics of tooth color, such as gloss, opacity, transparency, translucency, and optical phenomena, such as metamerism, opalescence and fluorescence. 9 Since spectrophotometers can detect small differences in color, an important issue of color science in dentistry is to establish a reference value for evaluation of study results in terms of ΔE*. 1 In other words, it is necessary to understand the clinical relevance of ΔE* and the ability of the human eye to perceive the color difference. However, this value is subjective and difficult to establish and substantially varies between different groups of dental personnel. 10 It also varies according to the material type that is compared. In a study by Kuehni et al that is frequently cited, industrial color matchers evaluated paint and textile specimens and 'ΔE* = 1' was discernible 50% of the time. 11 Seghi et al used translucent porcelain specimens and dental professionals were able to discern a difference 100% of the time when the ΔE* value was greater than 2. 12 Ragain et al assessed the minimum color difference for discriminating mismatch between composite resin specimens and reported an average acceptability threshold of 2.72 ΔE* units. 13 Johnston and Kao in their clinical study showed that the average color difference between compared teeth and composite restorations rated as a match in the oral environment was 3.7 units. 14 Thus with different threshold values reported in different studies it was stressed that one single value was probably not the key solution to the problem, and that a differentiation between perceptibility (the difference that can be identified by the human eye) and acceptability (the difference that is considered tolerable) was proposed. 1 Douglass et al determined the valid acceptability and perceptibility tolerances for shade mismatch in a clinical study using spectroradiometric instrumentation and reported that the predicted color difference at which 50% of the dentist observers could perceive a color difference was 2.6 ΔE* units. 15 Whereas the predicted color difference at which 50% of the subjects would remake the restoration due to color mismatch was 5.5 ΔE* units. In order to provide a range for the identification of the perceivable ΔE*value, Vichi et al proposed three different intervals for distinguishing color differences. ΔE* values of less than 1 unit were regarded as not appreciable by the human eye; ΔE* values greater than 1 and less than 3.3 units were considered appreciable by skilled operators, but clinically acceptable; ΔE* values greater than 3.3 were considered perceivable by untrained observers. 16 Despite much effort on the identification of a ΔE* value in terms of perceptibility and acceptability the values are still controversial and require further investigation. The aim of this study was to evaluate the repeatability of an intraoral spectrophotometer using the conventional free hand held method and with the use of two different types of positioning devices. Based on the results:
The first hypothesis was rejected: the repeatability of color measurement for the three color parameters was statistically different by measurement method and by operator.
The second hypothesis was also rejected: the overall color difference observed, when comparing the first and second color measurements were statistically different by measurement method and by operator. The overall color change observed using different methods was different between the two operators. For operator A the free hand and custom tray worked well, whereas for operator B the custom tray and CJ increased the repeatability of the color measurements. The overall range of 1.95 to 3.24 ΔE* units is comparable to other studies that used a negative control and found a range from 0.86 to 2.25 and 2.2 to 3.2 ΔE* units. 17, 18 This is important in determining the critical threshold for tooth whitening studies-suggesting that even without any treatment an overall color change of up to 3.2 ΔE* units can result due to variability in color measurements. Our study results are not in accordance with another study that reported a short term repeatability of less than 0.7 ΔE* units when the CJ was used. 8 A possible reason for this disparity may be attributed to a difference in operator training for the two studies. The operator of our study consisted of sophomore students that were not experienced in color measurements and were trained just prior to the study. Another possible explanation may also be the difference in design of the jig. In our study, the CJ was fabricated such that four teeth could be measured with one jig, whereas the other study used a CJ for a single tooth. The third hypothesis was rejected: there was significant difference of overall color difference by type of tooth material with typodont teeth showing less variation for both operator and measuring method. This is in accordance with other studies that have emphasized the difficulty of obtaining consistent color measurement results in human teeth not only due to positioning errors but also due to potential dehydration issues, which may not be an issue with typodont teeth. 19, 20 It is also important to mention that within human teeth the highest variability was observed in canines which inherently manifest a more convex buccal surface when compared to the flat surface of central incisors and molars. This is also a commonly noted disadvantage of intraoral spectrophotometers as their high repeatability is mainly limited to flat surfaces.
CONCLUSION
Within the limitations of this study, it can be concluded that repeatability of color measurements were different among the three measuring methods by operator. Overall, the custom tray method worked well for both operators and typodont teeth showed less variation in color measurement than extracted human teeth.
